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ABSTRACT

Trimetrexate, a lipid-soluble analogue of methotrexate, appears to
enter mammalian cells by passive diffusion, thus circumventing the
methotrexate transport system which is frequently a subject for altera
tions leading to methotrexate resistance. Using a single-step selection
protocol with trimetrexate, we have isolated 45 clonal variants and found
the majority of them to be selectively resistant to lipophilic antifolates
while retaining their sensitivity to methotrexate and drugs involved in
multidrug resistance. The majority of spontaneously induced trimelrex-
ate-resistant clones showed a change in neither the mRNA levels of
dÂ¡InÂ¡IrotolalereducÃase(24 of 30) and P-glycoprotein (26 of 30) nor their
gene copy numbers, whereas a small fraction of clones (4 of 30) showed
multidrug resistance gene amplification and P-glycoprotein mRNA over-
expression. 7-Irradiation prior to selection markedly enhanced the fre
quency of trimetrexate resistance (100-fold after 1000 rads). None of the
7-ray-induced trimetrexate-resistant clones (0 of 15) had evidence of
dihydrofolate reducÃaseand multidrug resistance gene amplification and/
or overexpression. Flow cytometry data on trimetrexate-resistant clones
showed no defect in the transport of trimetrexate. Verapamil, a modulator
of the multidrug resistance phenotype, had no cytotoxic effect on parental
and trimetrexate-resistant clones. However, when present with trimetrex
ate, verapamil (0.3-0.6 UM) reversed the lipophilic antifolate-resistant
phenotype in clones that had invariant levels of P-glycoprotein and
dihydrofolate reducÃase.This selective resistance to lipid-soluble antifo
lates was initially unstable but became stable after continued drug-
selective growth. Two-dimensional gel electrophoresis showed some dif
ferences in protein(s) that may potentially be associated with this phe
notype of selective resistance to lipophilic antifolates. We conclude that
a â€¢y-radiation-enhanceable,verapamil-reversible, stable phenotype of se
lective resistance to lipid-soluble antifolates frequently emerges which
requires neither the amplification nor the overexpression of dihydrofolate
reducÃaseor multidrug resislance genes.

INTRODUCTION

Our laboratory has been studying mechanisms of resistance
to folie acid antagonists (e.g., methotrexate) in cultured mam
malian cells. MTX3 inhibits DHFR, thus restricting the avail

ability of tetrahydrofolic acid which is required as a cofactor
for various biosynthetic pathways involving one-carbon trans
fer. Resistance to MTX has been observed both in vitro and in
vivo. Methotrexate is a hydrophilic antifolate that enters mam
malian cells by an energy-dependent carrier-mediated transport
(1, 2). This uptake system is frequently a subject for alterations
that impair the transport of MTX and thus confer upon mam
malian cells resistance to hydrophilic antifolates (3). Resistance
to MTX in cultured rodeni cells due lo Iransport alteralions
occurs with high frequency (3, 4) and can be dramatically
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enhanced by pretreatment with 7-radiation (5).
In an attempt to circumvent this mode of resistance that

results from MTX transport alterations, lipophilic analogues
of MTX such as TMTX and PTX have been synthesized (6, 7).
MTX and TMTX appear to have a similar biochemical mech
anism of action (i.e., inhibition of dihydrofolate reducÃase;see
Ref. 4). However, a key difference is the mode of entry and
accumulation in mammalian cells; MTX enters cells via a
specific folate transport system, while TMTX appears lo pen
etrate cells by a diffusion and/or facilitated diffusion process
(8, 9). In addition, folates and MTX are retained within mam
malian cells by a specific polyglutamylation process, whereas
lipid-soluble antifolates are devoid of the glutamate residue and
thus cannot undergo this polyglutamate conjugation. Therefore,
cells that have acquired resistance lo MTX due lo a membrane
transport defect and/or reduced polyglutamylation will be sen
sitive to lipophilic antifolates such as TMTX and PTX.

We have recently reported the cross-resistance to TMTX in
human carcinoma cells with the MDR phenolype (10). Fur
thermore, we found thai upon multiple-step selection with
TMTX, a sequential amplification of dihydrofolate reducÃase
and MDR genes occurred, Ihus conferring a wide range and
high degree of resislance lo bolh anlifolales and drugs involved
in MDR (11).

Our earlier sludy (5) showing the enhancement of MTX
resistance in CHO cells by 7-radiation due to alterations in the
MTX transport system suggested the potential use of TMTX
as an alternalive anlifolate. Toward this end we have here
performed a multiclonal analysis of the pattern and frequency
of resistance mechanisms that occur in individual clonal var
iants before or after ^-irradiation of CHO cells, upon single-
step seleclion wilh low concenlralions of TMTX (4-8 limes Ihe
LD50). Our results suggest the frequent emergence of a pheno
type thai confers seleclive resislance lo lipophilic anlifolales
(TMTX and PTX), becomes stable after prolonged selective
growth, and is reversed by 10-fold lower concentralions of
verapamil than those required to reverse the typical MDR
phenotype. This phenotype appears to be independent of
DHFR gene amplificalion or overexpression and distinct from
the P-glycoprolein-dependenl MDR phenotype.

MATERIALS AND METHODS

Drugs. TMTX (glucuronate salt) was kindly provided by Warner
Lambert/Parke-Davis (Ann Arbor, MI). PTX (isethionale salt) was a
gift from Burroughs Wellcome (Research Triangle Park, NC). MTX
was obtained from the National Cancer Institute. Colchicine, dauno-
rubicin hydrochloride, vincristine sulfate, folie acid, and NADPH (en-
zymatically reduced) were obtained from Sigma. Vinblastine sulfate
was from Eli Lilly (Indianapolis, IN). Etoposide (VP-16) was from
Bristol Laboratories (Evansville, IN), and verapamil hydrochloride was
from LyphoMed (Melrose Park, IL).

Cell Culture, -y-Irradiation, and Drug Selection. CHO cells were grown

in Â«MEM containing 10% dialyzed FBS, glutamine (2 HIM), and
gentamicin (10 ng/ml) at 37Â°Cin a 5% CO2 humidified atmosphere.

Exponentially growing cells were trypsinized and 7-irradiated as pre
viously described (5). After irradiation, a specified number of cells were
plated on 10-cm Petri dishes containing complete growth medium.
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Depending on the experimental protocol, TMTX (50 nM) was added
either immediately or after different periods of incubation. Twelve to
17 days later, TMTX-resistant colonies were either fixed (to determine
clonal survival) or picked at random (1 clone/dish) to expand for further
characterization.

Cytotoxicity Assays. TMTX-resistant cells were cultured in the ab
sence of drugs for at least 5 generations and then plated (2 x 10' cells/

6-cm Petri dish) in 5 ml of growth medium containing various concen
trations of antifolates or drugs known to participate in the MDR
phenotype. After 6-9 days of incubation, colonies were fixed, stained
with crystal violet, and counted. The mean plating efficiencies of AA8,
PTXRÂ°15,T19, T24, T27, GTM2, and GTM10 cells were 77, 79, 60,
33, 35, 46, and 51%, respectively (n = 4-7).

Measurement of Gene Copy Number and mRNA Levels. Genomic
DNA and cytoplasmic RNA were isolated as described (12). Hamster
DHFR and MDR gene copy numbers were determined by Southern
blot analysis of Â£coRI-digested DNA using a '2P-oligolabeled (13)
BamHl/EcoR\ fragment of the CHO genomic plasmid pB13-7 contain
ing 3'-DHFR sequences (14) and an EcoRl insert of the CHO MDR
cDNA clone pCHP-1 (15) as probes, respectively. Steady-state levels
of DHFR and P-glycoprotein mRNA were determined by Northern
blot analysis using a 0.93-kilobase pair Pstl fragment of a hamster
DHFR cDNA clone MQ19-97 (16) and a 0.66-kilobase pair EcoRl
fragment of the MDR cDNA clone pCHP-1. respectively. All cloned
DNA fragments were gel purified prior to radiolabeling. Autoradiog-
raphy was performed at -80Â°C on Kodak XAR-5 film. To quantitate

the gene copy number and mRNA levels, autoradiograms were scanned
with an LKB laser densitometer (Ultroscan XL).

DHFR Enzyme Activity and Affinity for Antifolates. Cells were grown
in drug-free medium for at least 8 generations and used as the source
for crude cell extract preparation as previously described (11). Folate
reducÃaseactivity of the cell extracts was measured using the [3H)folate

reduction assay of Rothenberg (17) as modified by Nakamura and
Littlefield (18). To estimate the affinity of DHFR from parental AA8
and PTXR015cells for different antifolates. equal amounts of enzyme

were preincubated (protected from light) with various concentrations
of MTX, TMTX, or PTX at 4Â°Cfor 15 min, and the remaining catalytic

activity was determined as described above. The ICsoof these antifolates
were derived as previously described (19). The Michaelis constants (Km)
for folie acid were derived from double-reciprocal plots (20).

Fluoresceinated Methotrexate Staining to Measure TMTX Transport.
Exponentially growing cells were trypsinized, seeded at 3 x JO4cells/

60-mm dish, and grown in Â«-MEMwithout TMTX for about 3 days.
Cells were stained for 8 h with F-MTX [Molecular Probes, Eugene,
OR; 2 MMin folate-deficient MEM containing glycine, hypoxanthine,
thymidine (each at 30 MM), 10% dialyzed fetal bovine serum, and
gentamicin]. F-MTX media was replaced with either MEM containing
various concentrations of TMTX or MTX and incubated for 3 h. Cells
were washed with PBS, trypsinized, resuspended in 1 ml of PBS
containing 2% dialyzed serum, and analyzed on a Coulter Epics 753
flow cytometer (21).

Flow Cytometry of F-MTX and Daunorubicin-labeled Cells. Intracel-
lular DHFR protein content has been reliably estimated by saturation
staining with F-MTX. Exponentially growing wild-type AA8 cells,
TMTX-resistant clones, and PTXRO" cells were plated (7 x 103-2 x
IO4 cells/6-cm Petri dish) in a drug-free medium. After 5 doublings,
cells were incubated for 9 h in folate-deficient Â«MEM (3 ml/dish)
containing 2 MMF-MTX and glycine, hypoxanthine, and thymidine,
each at 30 MM.Following saturation of intracellular DHFR with F-
MTX, cells were washed with prewarmed PBS, detached by brief
trypsinization, resuspended in cold PBS containing 10% FBS, and
analyzed for mean linear fluorescence with a Coulter Epics 753 flow
cytometer as previously described (21). To determine the relative cel
lular content of DHFR and to provide an initial screen for the presence
of the MDR phenotype, attached cells were simultaneously incubated
with 2 MMF-MTX and 3.6 MMdaunorubicin for 90 min at 37Â°C.A

parallel group of cells received either F-MTX or daunorubicin, or
neither. Cells were analyzed by flow cytometry for mean linear green
and red fluorescence as recently described (22). A minimum of 10" cells

were analyzed and corrected for individual clone autofluorescence.

Isolation of Plasma Membrane Vesicles. Logarithmically growing
cells (5 x 107-108) from five 15-cm Petri dishes were washed twice with

PBS, scraped off the plates using a rubber policeman, resuspended in
4 ml ice-cold PBS containing 1 mM phenylmethylsulfonyl fluoride and
10 Mg/ml leupeptin, and lysed with a Dounce homogenizer (30-180
strokes). Following nuclear sedimentation and mitochondrial spin,
microsomal pellets were subjected to isopicnic centrifugation on a
discontinuous sucrose gradient to purify plasma membrane vesicles as
previously described (23). Plasma membrane vesicles were suspended
in 50-100 M'of buffer (1.5-3 mg protein/ml) containing 10 mM Tris-
Cl, pH 7.4, and 0.25 M sucrose and stored at -85Â°Cuntil analysis.

Detection of P-Glycoprotein by Western Blot Analysis. In order to
estimate cellular levels of P-glycoprotein, plasma membranes were
purified, and their proteins were electrophoresed on polyacrylamide
gels containing SDS (24) and stained with a solution of 0.2% (w/v)
Panceau S in 5% (w/v) TCA to confirm the uniformity of membrane
protein loaded onto the gels. Following replica electroblotting of total
membrane proteins onto nitrocellulose filter membrane using a semidry
Novablot transfer unit (model 2117-250; LKB) as described by Towbin
et al. (25), the immobilized proteins on the nitrocellulose filters were
probed with monoclonal antibody to P-glycoprotein (C219; Centocor,
Malvern, PA) as previously described (26). The nitrocellulose filters
were then reacted with alkaline phosphatase-conjugated goat anti-
mouse immunoglobulin and developed with colorimetrie reagents ac
cording to Bio-Rad recommendations.

Metabolic Labeling of Cellular Proteins with |"S|Methionine. Paren
tal AA8 cells, radiation-induced GTM10 clone, and its subline that lost
resistance following growth under nonselective conditions for 150 cell
doublings were plated at IO6cells/10-cm Petri dish (5 x 10' cells for

parental cells). Following 3 doublings, cells were washed twice with
methionine-free Â«MEMcontaining 5% dialyzed FBS. Cells were then
labeled with 100 MCi/ml (3 ml/10-cm Petri dish) of L-|"S]methionine
(>800 Ci/mmol; New England Nuclear) for l h at 37Â°C,after which

cells were washed twice with ice-cold PBS supplemented with 1 mM
nonisotopic L-methionine and 5% dialyzed FBS. Cells were then lysed
with buffer (0.5 ml/plate) containing 10 mM Tris-Cl (pH 7.2), 0.15 M
NaCl, and 0.5% (w/v) Nonidet P-40 and sedimented at 15,000 x g for
5 min at 4Â°C.The supernatant was then frozen in liquid nitrogen and
stored at -85Â°C. The incorporation of radiolabeled methionine into

cellular proteins was determined by TCA precipitation of 1-\A aliquots
of cell lysates (in triplicate). The acid-insoluble material had a specific
radiolabeling of 3 x 105-5 x IO5cpm/Ml cell extract.

One- and Two-Dimensional Protein Gel Electrophoresis. Radiolabeled
cellular proteins were analyzed by one-dimensional SDS polyacryl
amide gel electrophoresis according to the method of Laemmli (24).
Aliquots containing 2.5 x 105-5 x 10' acid-insoluble counts were

loaded onto a denaturing 12% polyacrylamide gel containing 0.5% SDS
and electrophoresed at 70 V for 15 h. Two-dimensional gel electropho
resis was performed according to the method of O'Farrell et al. (27) as
modified by Jones (28). Samples containing 5 x 105-106 acid-insoluble

counts were prepared for the first nonequilibrium pH gradient gel
electrophoresis dimension in buffer, containing: 9.5 Murea; 2% Nonidet
P-40; 1.6% ampholine, pH 5-7; 0.4% ampholine, pH 3.5-10 (LKB;
Pharmacia); and 5% 2-mercaptoethanol followed by electrophoresis in
12% polyacrylamide gel containing 2% ampholine, pH 3.5-10, at 500
V for 6 h. The second dimension was a 12% polyacrylamide gel
containing SDS. Following electrophoresis, gels were fixed with 50%
TCA, washed, fluorographed by impregnation in l M sodium salicylate
for 30 min, and dried. Autoradiography was performed for 12 h to 4
days using either Chronex or XAR-5 films. l4C-methylated molecular
mass markers (Amersham) were: lysozyme, 14.3 kDa; carbonic anhy-
drase, 30 kDa; bovine serum albumin, 69 kDa; phosphorylase b, 92.5
kDa, and myosin, 200 kDa.

RESULTS

Enhancement of the Frequency of Selective Resistance of
Lipophilic Antifolates by 7-Radiation. We have recently shown
that 7-radiation dramatically enhances the frequency of MTX
resistance in CHO AA8 cells by virtue of MTX transport
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Fig. 1. Effect of 7-irradiation and postirradiation incubation time on clonal
survival and frequency of TMTX resistance. Cells were irradiated with various y-
ray doses and plated in drug-free medium. Cells Â»erethen incubated for 7-8 days
in TMTX-free medium to determine the clonal survival after 7-radiation (A). To
determine the frequency of TMTX resistance (â€¢)cells were irradiated and
incubated in medium containing 50 nM TMTX for 7-9 days. Inset, effect of
postirradiation recovery time on the frequency of TMTX resistance. Cells were
irradiated with 500 (A) or 1000 (A) rads. whereas control cells were not irradiated
(â€¢).At various times after irradiation an equal volume of medium containing 100
nM TMTX (final concentration, 50 nM) was added to control and irradiated cells.
Colonies were then washed with PBS, fixed with methanol. stained with crystal
violet, and counted. The frequency of TMTX-resistant colonies at time 0 for
control cells was 7 x 10~3and increased to 8 x 10~' after irradiation with a 1000-

rad dose.

alterations (5). To determine whether the use of TMTX (a
lipophilic antifolate that does not depend on a carrier-mediated
transport) would circumvent the development of resistance, we
have 7-irradiated CHO AA8 cells and plated them into medium
containing 50 nM TMTX (about 8 times the LD50). A dose-
dependent enhancement of TMTX-resistant colonies was ob
served (maximum enhancement, 100-fold after 1000 rads; Fig.
1). However, unlike the enhancement of MTX resistance (5)
the enhancement of TMTX resistance did not require a postir-
radiation incubation time; maximum enhancement was
achieved when TMTX was added immediately after 7-irradia
tion (Fig. 1, inset). The 7-radiation sensitivity of these cells
(Fig. 1) was similar to that reported by Thompson et al. (29)
and identical to that shown in our recent study (5).

Our earlier studies on multiple-step selection of CHO AA8
cells with TMTX (11) resulted in resistant variants that con
tained amplification of both DHFR and MDR\ genes, with
subsequent resistance to both antifolates (hydrophilic and li

pophilic) and pleiotropic drugs, including actinomycin D, Adri-

amycin, colchicine, Vinca alkaloids, and etoposide. Therefore,
we examined DHFR and MDRl gene copy numbers and their
mRNA levels in spontaneously derived and radiation-induced
single-step TMTX-resistant clones (a total of 45). Of 30 resist
ant clones derived spontaneously only 6 had evidence of ele
vated levels of DHFR mRNA, while 4 of 30 clones showed
increased MDRl gene copy number and mRNA levels. Fur
thermore, none of the 7-radiation-induced TMTX-resistant
clones (0 of 15) had a change in DHFR and MDR\ gene copy
number or mRNA levels. Thus, the majority of spontaneously
selected and all 7-radiation-induced clonal variants were resist

ant to TMTX and PTX by a mechanism heretofore not observed
in CHO cells (see below). We have studied a selected subset of
these clones in order to characterize this new resistance phe-
notype and to contrast it with the characteristics of resistance
to lipophilic antifolates associated with DHFR and/or MDRl
gene overexpression. The cytotoxicity of antifolates and pleio
tropic drugs to parental sensitive cells and to several drug-
resistant clones is summarized in Table 1. The radiation-in
duced TMTX-resistant clones GTM2 and GTM10 were mark
edly resistant to the selecting agent TMTX (12-fold) and to
PTX (10- and 11-fold); however, they maintained wild-type
sensitivity to MTX (Table 1). The spontaneously induced
TMTX-resistant clones T24 and T27 were also resistant to the
selecting agent TMTX (23- and 16-fold) and to PTX (34- and
26-fold). The 2-fold resistance to MTX in T24 and T27 was
consistent with the modest elevation (2-fold) in cellular DHFR
protein content and catalytic activity as compared to that pres
ent in GTM2, GTM10, T19, PTXRO15,and parental AA8 cells

(Table 2). One spontaneously derived TMTX-resistant clone
T19 showed the classical MDR phenotype and displayed 20-
to 70-fold resistance to pleiotropic drugs (Table 1); this clone
was resistant to lipophilic antifolates (20- to 28-fold) but was
more sensitive to MTX than were wild-type AA8 cells.

PTXRO-15cells that were established by stepwise selection up

to 0.15 MM PTX (11) showed no evidence of DHFR or P-
glycoprotein mRNA overexpression; however, they were highly
resistant to TMTX (43-fold) and to PTX (51-fold) and were,
surprisingly, 4-fold more sensitive to MTX than were parental

AA8 cells (Table 1). This hypersensitivity to MTX was not a
result of either quantitative (i.e., reduction) or qualitative (in
creased affinity) changes in catalytically active DHFR since
PTXROâ€¢"cells had invariant levels of DHFR activity, F-MTX

labeling (Table 2), and wild-type sensitivity of the enzyme to

the various antifolates. The IC50values of DHFR from parental
AA8 and PTXR"15 cells were 18 and 15 nM for MTX, 15 and

16 nM for TMTX, and 32 and 35 nM for PTX, respectively.
The Michaelis constants (Km) of DHFR from parental AA8
and PTXROI?cells for folie acid were 55 and 50 ^M, respectively.
The spontaneous and 7-ray-induced TMTX-resistant clones

Table I Cylotoxicity of antifolates and pleiotropic drugs to sensitive and antifolate-resistant cells

DrugAntifolatesMethotrexateTrimetrexatePiritreximPleiotropic

drugsAdriamycinColchicineEtoposideVinblastineAA829(1)Â°6.5(1)8.8(1)40(1)96(1)265(1)30(1)GTM230(1)75(12)90(10)44(1.1)110(1.1)120(0.5)22

(0.7)(Â¡TM1039(1.3)80(12.3)93(11)63(1.6)117(1.2)328(1.2)30(1)pTXR0156

(0.2)280
(43)450(51)42(1)80(0.8)140(0.5)33(1.1)T1912

(0.4)130(20)250

(28)2370

(59)6700
(70)4220(16)1085

(36)T2469

(2.4)150(23)300

(34)90

(2.3)315(3.3)1075(4.1)42(1.4)T2768

(2.3)105(16)230

(26)70(1.8)250(2.6)600

(2.3)28
(0.9)

1Values are the mean LD!0 (nM) of 2-3 independent experiments. The degree of resistance (fold) relative to parental cells is given in parentheses.
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Table 2 Cellular DHFR content and folate reducÃaseactivity in wild-type cells
and antifolate-resistant donai variants

AA8 GTM2 GTM10 PTX" T19 T24 T27
F-MTX labeling
DHFR activity

1.0"
1.0*

1.1
0.9

1.2
1.0

1.1
1.2

0.9
1.2

1.9
1.9

1.4
1.5

-TMTX R0'Â°25-
co
<
<

â€¢4.1

" Numbers (mean of 2 experiments) represent the relative (parental AA8 cells
= 1.0) linear green fluorescence of cells saturated with 2 JIMF-MTX for 9 h.

* Values (mean of 2 determinations) represent the specific folate reducÃase
activity relative to parental AA8 cells that contained 2.3 units/107 cells. One unit

of folate reducÃaseis the amount of enzyme necessary to reduce 1 nmol of folate
in 15 min at 37'C.

maintained sensitivity to pleiotropic drugs similar to that of
parental AA8 cells (Table 1).

DHFR and MDR Gene Copy Number and mRNA Levels. We
have shown that CHO cells stepwise selected for resistance to
TMTX exhibit both DHFR and MDR\ gene amplification (11).
To examine whether single-step selection with low TMTX
concentrations may lead to similar changes in the copy number
and expression of these genes in individual clonal variants,
EcoRI-digested genomic DNA and cytoplasmic RNA from
spontaneous and ^-radiation-induced TMTX-resistant clones
were subjected to Southern and Northern blot analyses using
CHO DHFR and MDR probes. None of the TMTX-resistant
clones (both spontaneous and radiation-induced) showed a

change in DHFR gene copy number (Fig. 2). The ethidium
bromide staining of the DNA digests indicates that similar
amounts of DNA were loaded (Fig. 2). Northern blot analysis
showed that the vast majority of these clones did not have a
significant increase in the mRNA levels of DHFR (Fig. 3, A-
C). An ethidium bromide staining of the fractionated RNA
confirmed that comparable amounts of intact cytoplasmic RNA
were being analyzed (Fig. 3, D-F). The majority of sponta
neously derived TMTX-resistant clones maintained a single

copy of the MDR gene; however, about 5% of the clones showed
7-fold amplification of the MDR gene (Fig. 4). Furthermore,
MDR gene amplification was associated with a moderate to
high overexpression (5- to 35-fold) of P-glycoprotein mRNA
(e.g., clone T19 had 7 copies of the MDR gene and showed a
35-fold increase in P-glycoprotein mRNA; Fig. 5, A and B).
None of the 7-radiation-induced TMTX-resistant clones
showed an increase in MDR\ gene copy number (Fig. 4Ã„)or in
the steady-state levels of their P-glycoprotein mRNA (Fig. 5, C
and D). Consistent with these findings was the wild-type sen
sitivity of the 7-ray-induced TMTX-resistant clones GTM2 and
GTM10 to the various pleiotropic drugs (Table 1). These results
suggest that the majority of TMTX-resistant clones derive their
resistance from a mechanism that does not appear to involve
the amplification or overexpression oÃDHFR and MDR\ genes.

Competition of F-MTX Binding with TMTX and MTX. The
ability of antifolates to displace F-MTX is dependent on their
intracellular concentration. If TMTX-resistant cells are defec
tive in their uptake of antifolates, higher concentrations will be
needed to displace intracellular F-MTX bound to DHFR. Pa
rental AA8 and TMTX-resistant cells (clones GTM2 and
GTM 10) were first saturated with F-MTX for 8 h and then

subjected to competition with various concentrations of TMTX
and MTX. TMTX produced 50% displacement of F-MTX

(IC50) at 0.27 nM in parental CHO AA8. The IC50 values in
TMTX-resistant clones GTM2 and GTM 10 were 0.25 and 0.29
nM, respectively. MTX gave IC5(>values of 12 nM in AA8 cells
and 12.5 nM in both GTM2 and GTM 10 cells. These results
suggest that the TMTX-resistant phenotype in these cells is not
due to impaired TMTX or MTX transport.
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Fig. 2. Autoradiograms of Southern blots with DNA from parental AA8 cells
and TMTX-resistant clonal variants probed with a hamster DHFR genomic
sequence. Genomic DNA was isolated from individual clones resistant to 25 nM
(A) or 50 nM (B, C) TMTX before (A, B) or after (C) -^-irradiation. High-
molecular-weight genomic DNA (10 jig/lane, except for Lanes BJIO.S, which
contained I and 0.5 jig DNA in B and C respectively) was digested to completion
with EcoRl, fractionated on 0.8% agarose gels, and transferred to Zetabind filter
membrane. Blots were then hybridized with a "P-oligolabeled CHO DHFR probe
(BamHI-Â£coRI insert of plasmid pB13-7). Hybridizations were carried out at
42Â°Cfor 48 h in 50% formamide, 5x saline-sodium phosphate-EDTA, 1% SDS,
and Ix Denhardt's (Ix = 20 mg polyvinylpyrrolidone-360-20 mg Ficoll 400-20
mg bovine serum albumin/100 ml of distilled water) and followed by two 30-min
high-stringency washes of 0.1 x saline-sodium phosphate-EDTA and 0.1% SDS
at 65Â°C.Arrow, molecular weight in kilobase pairs. Ethidium bromide staining of

the fractionated DNA is included to confirm the uniformity of loading.
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Fig. 3. Autoradiograms of Northern blots
with RNA from parental and TMTX-resistant
variants probed with a hamster DHFR cDNA
sequence. Cytoplasmic RNA (40 /jg/lane, except
for Lanes HI 10.5. which contained only 2 or 4
Â»ig)was isolated from individual clones resistant
to 25 (A) and 50 nM (A, C) TMTX without (A,
B) or with (C) prior â€¢>-irradiation.RNA was
fractionated on agarose formaldehyde gels and
transferred to Zetabind membrane. Blots were
hybridized with a 0.93-kilobase pair Pst\ insert
of the CHL DHFR cDNA clone MQ19-97 and
washed under high-stringency conditions as de
tailed in Fig. 2. The size of the different DHFR
mRNA species is given in kilobase pairs. Right.
ethidium bromide staining of the fractionated
RNA for each gel (D-F), to confirm the quality
and uniformity of Cytoplasmic RNA.
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Fig. 4. Autoradiograms of Southern blots
with DNA from parental and TMTX-resistant
variants probed with a CHO M DR cDNA se
quence. Genomic DNA (A, 1 Â¿ig/lane:B. 10 ng/
lane, except for Lanes CH"C-5, which contained

0.25 and 2.5 ng, DNA in A and B. respectively)
extracted from TMTX-resistant clones before
(A) or after (B) -y-irradiation, was digested with
/ Â«ikland transferred to a solid support. Blots
were hybridized with a |32P|dCTP-labeled 0.66-

kilobase pair EcoK\ fragment of a CHO MDR
cDNA clone, pCHP-1. Arrows, position of the
DNA size markers in kilobase pairs. An ethid
ium bromide staining of the digested and frac
tionated DNA is included for each gel.

Flow Cytometric Analysis of DHFR Levels and the MDR
Phenotype in Viable Cells. We have recently established a two-
color flow cytometric assay that examines the relative cellular
levels of DHFR and assesses the presence and degree of the
MDR phenotype; this was directly correlated with the degree
of antifolate and multidrug resistance due to DHFR and P-
glycoprotein overexpression (22). In this assay, viable cells are
incubated simultaneously with F-MTX and daunorubicin and
analyzed by a flow cytometer for linear green and red fluores
cence that corresponds to the cellular levels of F-MTX and
daunorubicin, respectively; these are suggested to reflect the
levels of DHFR and P-glycoprotein. The relative green and red
fluorescence data obtained with parental cells and various an
tifolate-resistant clones are presented in a two-dimensional plot
in Fig. 6. Parental AA8 cells were given a relative red and green
fluorescence value of 1. The 7-ray-induced clones GTM2 and
GTM10 had wild-type content of both F-MTX and daunorub
icin, thus suggesting that their drug resistance was independent
of DHFR overproduction and the MDR phenotype. Consistent

with the MDR phenotype in T19 cells was their poor dauno
rubicin content (only 5% of that retained by parental AA8
cells). Thus, T19 cells that display a strong multidrug-resistant
phenotype appear to markedly exclude daunorubicin. However,
T19 cells maintained an invariant level of F-MTX staining.
The spontaneously derived TMTX-resistant clones T24 and
T27 had identical or slightly increased daunorubicin content
therefore confirming the genetic and cytotoxicity data that these
clones neither have increased levels of P-glycoprotein nor dis
play the MDR phenotype. However, consistent with their
DHFR enzyme activity (Table 1; Fig. 6) was the 2-fold increase
in relative F-MTX content. PTXRO'5 cells that were stepwise-

selected to grow in 0.15 /Â¿MPTX and had no evidence of DHFR
or P-glycoprotein overexpression (11) contained wild-type F-
MTX staining and retained similar levels of daunorubicin as
compared to parental AA8 cells. DG44 cells which are devoid
of DHFR enzyme and pMgl cells which express minimal levels
of DHFR stained poorly with F-MTX as compared to parental
AA8 cells.
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Fig. 5. Autoradiograms of Northern blots with RNA from parental and TMTX-resistant clonal variants probed with a CHO MDR cDNA sequence. Cyloplasmic
RNA (40 jig/lane, except for Lane CII"C-5 in C and D, which contained 8 ng RNA) isolated from TMTX-resistant clones before (.-I.B) or after (Â£')i-irradiation was

fractionated on formaldehyde gels, transferred to a solid support, and hybridized with a radiolabeled fcoRI insert of a CHO MDR cDNA clone, pCHP-l. The
ethidium bromide staining of gels A and B here is shown in Fig. 3. D and Â£".while that of gel C is shown in the D. Arrows, size (in kilobase pairs) of the major P-

glycoprotein mRNA transcript and the less represented mRNA species.
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RELATIVE DAUNORUBICIN CONTENT
Fig. 6. Flow cytomelric analysis of parental and antifolate-resistant cells viably

stained with F-MTX and daunorubicin. In order to determine the cellular levels
of DHFR and provide an initial screen for the presence of the MDR phenotype
in parental cells and in the various antifolate-resistant clones, viable eells were
simultaneously stained with 2 Â¡i\\F-MTX and 3.6 MMdaunorubicin for 90 min
at 37*C. Cells were then washed with PBS (3 ml/dish), detached by trypsinization.
suspended in cold PBS containing lO^r FBS, and analyzed by flow cytometry for
linear green and red fluorescence as detailed previously (22). The net green and
red fluorescence (corrected for autofluorescence of unstained cells) of AA8 cells
was given a relative value of 1.0. Open labels, growth under selective conditions
for over 300 cell doublings. pMgl is a cell line (generated by transfection of
mouse minigene 1 into DHFR-deficient DG-44 cells) which expresses very low
levels of DHFR and thus poorly stains with F-MTX. as did DG-44 cells.

Detection of P-Glycoprotein Levels by Western Blot Analysis.
In order to provide a further confirmation of the results ob
tained with the two-color flow cytometric assay that GTM10
cells did not express the MDR phenotype while others (such as
T19) appeared to possess a strong MDR phenotype, plasma
membrane vesicles were isolated and analyzed for P-glycopro-

- 205

p170

- 66

Fig. 7. Detection of P-glycoprotein by Western blot analysis. Total proteins
(25 Â¿ig/lanc)from purified plasma membranes derived from parental AA8 cells
(Â¿anca). TI 9 cells (Â¿oneA). GTM10 cells (Lane r). and CH"C-5 cells (Lane d)

were electrophoresed on a 7.5% polyacrylamide gel containing SDS. In order to
confirm the uniformity of protein loading onto the gel. resolved proteins were
then stained with 0.2Â°rPanceau in 5rt TCA. dcstaincd with water, and replica

electroblotted (8 mA/cnr for 2.5 h) to a nitrocellulose filter membrane. Following
blocking with buffer containing 3% gelatin for 1 h, immobilized proteins were
then reacted with monoclonal antibody C2I9 (50 ng/ml) overnight at 4Â°C.
Nitrocellulose filters were then washed, reacted with alkaline phosphatase-con-
jugaled goat anti-mouse immunoglobulin. and developed with the colorimetrie
reagents according to Bio-Rad recommendations.

tein expression by Western blots using C219 monoclonal anti
body. Fig. 7 shows that drug-sensitive parental AA8 cells and
GTM 10 cells with the phenotype of selective resistance to
lipophilic antifolates did not possess detectable levels of P-
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Table 3 Cytotoxicity of various folate antagonists to antifolate-resistant variants
grown under nonselectire conditions

CelllineAA8GTM2GTM10*GTMIOfPTXROUT19Time
out

of drug"139

162133158110

15276

9850145LD50

(n.\i) forantifolatesAPT1.8(1.0)1.8(1)

1.6(0.9)2.4(1.3)

1.8(1)ND*

ND4.0

(2.2)
4.4(2.4)1.8(1.0)

1.7(0.95)MTX29(1.0)27

(0.9)
24(0.8)27

(0.9)
32(1.1)19(0.66)

17(0.59)4.2(0.14)

4.4(0.15)21

(0.72)
21 (0.72)TMTX6.5(1.0)13(2)

5.2(0.8)5.2

(0.8)
5.3(0.8)74(11.4)

60(9.2)265(41)

300(46)200(31)

200(31)PTX8.8(1.0)26(3)

7(0.8)7

(0.8)
13(1.5)ND

ND484

(55)
408(46)315(36)

280 (32)
" Number of cell doublings for which the drug-resistant variants were grown

in antifolate-free medium.
* Cells were grown for 150 doublings in drug-containing medium, after which

cells were grown under nonselective conditions for the designated times.
c Cells were grown for 450 doublings in drug-containing medium, after which

cells were grown under nonselective conditions for the designated times.
J ND, not determined.

glycoprotein (Lanes a and c). In contrast, both T19 cells (that
expressed a strong MDR phenotype) and the well-documented
colchicine-selected CHO MDR cell line CHRC-5 (15, 23, 26)

expressed high levels of P-glycoprotein (Lanes b and d). Thus,

these results provide a further confirmation to the data of the
flow cytometric assay that cells with poor daunorubicin staining
(e.g., T19) contain elevated levels of P-glycoprotein, while those

with the phenotype of selective resistance to lipophilic antifo
lates (e.g., GTM10) stain with daunorubicin to wild-type levels
and have no evidence of P-glycoprotein elevation.

Stability of the Lipophilic Antifolate-resistant Phenotype. Re
sistance to MTX due to DHFR gene amplification could be
stable (a decline in gene copy number over a period of 6-12
months is observed when amplified genes are present on the
chromosome) or unstable (a decline takes place within weeks;
amplified genes are present on extrachromosomal elements
called double minute chromosomes; Ref. 30). However, the
MDR phenotype that is due to MDRl gene amplification is
frequently stable (present on chromosomes), and no loss of
resistance was observed over a period of 1 year (31 ). To examine
whether the selective resistance to lipophilic antifolates in
clones that had no evidence of DHFR and P-glycoprotein
mRNA overexpression is a stable phenotype, several TMTX-
resistant clones from the early stages of selective resistance
were grown under nonselective conditions (i.e., in antifolate-
free medium). Cytotoxic clonogenic assays with hydrophilic
(MTX, aminopterin) and lipophilic (TMTX, PTX) antifolates
revealed that GTM2 and GTM10 had lost their resistance to
TMTX after 135-160 generations (Table 3). In contrast, when
clone T19, which exhibited the MDR phenotype, was grown in
TMTX-free medium for 50-145 generations, cells retained
complete resistance to lipophilic antifolates but maintained
sensitivity to MTX (Table 3). Similarly, PTXR015 cells (that

were selected for stepwise resistance to 0.15 MMPTX) main
tained the original degree of resistance to lipid-soluble antifo
lates while retaining hypersensitivity to MTX (Table 3). These
results suggest that the selective resistance to lipophilic antifo
lates is unstable in the early stages of selective growth, in
contrast to the stable MDR phenotype exhibited by T19 cells.
However, when GTM10 cells were grown in drug-containing
medium for an additional 300 generations and then grown
under nonselective conditions for 150 cell doublings the resist
ance to lipophilic antifolates was fully maintained (Table 3). It

B
abode f g h

W W â€¢ â€¢â€¢V W

i j k l m n abcdefgh i jk Im
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Fig. 8. Autoradiograms of Southern and Northern blot analyses with nucleic acids from parental and antifolate-resistant cells probed with a hamster DHFR
sequence. A, genomic DNA (10 jig/lane, except for Lanes g and m. which contained 3 and 1 jig DNA, respectively) was digested to completion with EcoRl,
electrophoresed on 0.8"t agarose gels, and transferred to Zetabind filter membrane. Lanes a and n, parental AA8 cells; Lanes b and c. PTX"Â°" cells grown in drug-
containing medium for 40 and 300 doublings, respectively; d. PTXRO" grown under nonselective conditions for 300 generations: Lane e. T19 grown in selective
medium for 300 doublings; Lane f, T19 grown for 85 doublings in drug-free medium: Lanes g and h, GTM2 grown for 40 and 300 doublings in selective medium;
Lane i, GTM2 grown for 250 doublings Â¡nnonselective medium; Lane j. GTM10 grown for 300 doublings in selective medium; Lane k, GTM10 grown for 250
generations in nonselective medium; Lane I, DG-44 (a CHO cell line doubly deleted for the DHFR locus); Lane m, Bl 10.5 (a MTX-resistant CHO cell line that
contains 60 copies of the DHFR gene). Southern blots were probed with a AamHI/Â£coRI fragment of a genomic CHO DHFR clone pB13-7. B, cytoplasmic RNA
(40 jig/lane, except for Lane m, which contained 10 /ig RNA) was fractionated on a denaturing 1.5% agarose gel containing formaldehyde. Lanes a and A. parental
AA8 cells; Lanes b and c, PTXRÂ°" grown for 40 and 300 doublings in selective medium, respectively; Lanes d-j here correspond to Lanes e-k of A; Lane I, DG-44;
Lane m, TMTXRÂ°12(a TMTX-resistant variant with 32-fold DHFR mRNA overexpression; Ref. 11). Northern blots were probed with a Pst\ insert of a CHO DHFR
cDNA clone, MQ19-97. The ethidium bromide-stained gels of the fractionated genomic DNA digests and rRNA confirm that comparable amounts of nucleic acids
were being analyzed.
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abcdefghijklm
B

Fig. 9. Autoradiograms of Southern and
Northern blots with nucleic acids from paren
tal and antifolate-resistant cells probed with a
hamster M DR cDNA sequence. A. genomic
DNA (10 jig/lane, except for Lanes g and /.
which contained 3 and 2.5 ng DNA, respec
tively) was digested with EcoR\. fractionated
on agarose gels, and transferred to a solid
support. Lanes a-k here correspond to those
described in Fig. SA. Lanes I and m. parental
AA8 and CHO MDR CH"C-5 cells, respec

tively. C. cytoplasmic RNA (40 /jg/lane, except
for Lane I, which contained only 8 ^g) was
fractionated on formaldehyde gels and immo
bili/ed on Zetabind filter membrane. Lanes a-
A here correspond to those described in Fig.
8Ã„.Lane I here contained RNA from CH"C-5

cells. Ethidium bromide staining of the gen
omic DNA digests (8} and rRNA (D) confirm
the uniformity of nucleic acid loading.
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appears, therefore, that the phenotype of selective resistance to
lipophilic antifolates is initially unstable, but after prolonged
selective growth the resistance phenotype becomes stable.

DHFR and MDR Gene Copy Numbers and mRNA Levels
following Nonselective Growth. The results above indicated that
some clonal variants (e.g., GTM2 and GTM10) with selective
resistance to lipid-soluble antifolates had no evidence of either
DHFR or P-glycoprotein mRNA overexpression but com
pletely lost their resistance to TMTX and PTX after growth in
TMTX-free medium when the parent GTM10 cells were from
an early stage of selective growth, while other clones (e.g., T19)
maintained a high degree of MDRl expression and a stable
resistance to pleiotropic drugs and lipophilic antifolates even
after a long period of growth in TMTX-free medium. We have

therefore reexamined DHFR and MDR gene copy numbers and
mRNA levels at the early and late stages of establishment in
selective medium and following growth under nonselective con
ditions for various times. It is evident from Fig. 8 that a single
copy of the DHFR gene (A) and invariant levels of DHFR
mRNA (B) were present in parental cells and the drug-resistant
clones analyzed, while the MTX-resistant CHO B110.5 cell
line contained 60 copies of the DHFR gene and overexpressed
100-fold more DHFR mRNA (4). However, MDR gene copy
number analysis revealed some remarkable differences (Fig. 9).
GTM2 and GTM10 maintained, regardless of antifolate pres
ence, a single copy of the MDR gene (Fig. 9A) and wild-type
levels of P-glycoprotein mRNA (Fig. 9B). Similarly, PTXRO"

also appeared with a single copy of the MDR gene upon initial
stages of selective growth (Fig. 9A and Ref. 11). However,
following further selective growth for 40 passages (~300 gen
erations) a 4-fold MDR gene amplification (Fig. 9A) and a

subsequent overexpression of P-glycoprotein mRNA (Fig. 9B)
occurred and was stably maintained after 300 generations in
PTX-free medium (Fig. 9, A and B). In contrast, T19 cells
which contained 7 copies of the MDR gene upon initial selective
growth (Fig. 4A) gained further copies of the MDR gene after
long-term selective growth; Fig. 9A shows that a 25-fold MDR
gene amplification had occurred in T19 cells and was accom
panied by a 40-fold overexpression of its mRNA (Fig. 9B),
which was stably maintained after 85 cell doublings in drug-
free medium.

Effect of Verapamil on the Lipophilic Antifolate-resistant
Phenotype. Verapamil has been shown to bind to P-glycoprotein
(32) and is known to reverse the MDR phenotype that is due
to P-glycoprotein overexpression (33). Our genetic, flow cyto-
metric, and cytotoxicity data and Western blot analysis sug
gested that selective resistance to lipophilic antifolates in the
majority of spontaneously induced and in all 7-radiation-in-
duced TMTX-resistant clones were associated with neither
DHFR nor MDRl overexpression. We have therefore assessed
the effect of verapamil on the antifolate-resistant phenotype in
clones that overexpress neither P-glycoprotein nor DHFR
mRNA. When added to spontaneous and radiation-induced
TMTX-resistant clones, verapamil (0.35-0.55 n\\) reversed the
TMTX-resistant phenotype (Fig. 10); verapamil alone (up to
40 Â¿Â¿M)was not cytotoxic to parental AA8 cells and TMTX-
resistant clones (Fig. 10, inset). However, clones such as T19
that highly overexpressed the MDR\ mRNA and thus exhibited
a typical MDR phenotype required higher concentrations of
verapamil for the reversal (Table 4). Since the majority of clonal
variants did not exhibit the MDR phenotype but were sensitized
to TMTX by 10-fold lower concentrations of verapamil (<0.6
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Fig. 10. Effect of verapamil on the cytotoxicity of TMTX in spontaneous and
1-ray-induced antifolate-rcsistant clonal variants. Two thousand cells from spon
taneously derived TMTX-resistant clone TM7 (A) and the -,-ray-induced clonesGTM2 ("â€¢)and GTMIO (â€¢)grown for 4-8 generations in TMTX-free medium

were incubated for 6-8 days in medium containing 25 or 50 nM TMTX alone or
combined with various concentrations of verapamil. When visible colonies ap
peared, cells were washed with PBS. fixed with methanol. stained, and counted.
Inset, effect of verapamil on the various TMTX-resistant clones in the absence of
TMTX. To confirm the noncytotoxic effect of verapamil alone on the clonal
variants, cells were incubated in 0.25-40 nM verapamil. after which the clonal
surviving fraction was determined. Open symbols, as described above for the
various clones, representing the effect of verapamil on cells in the absence of
TMTX.

Table 4 Reversal by verapamil of antifolale cytoloxicily in various clones

Verapamil

GTM2
GTMIO
TM1
TM7
PTX"015

TI9

0.55Â°

0.4
0.35
0.45
2.8
8.4

Â°Verapamil concentration that reduces clonal cell survival to 50cr. Verapamil
was added to the drug-containing medium that cells were growing in.

than MDR cells (Table 4), the reversal with this agent
cannot be considered a typical modulation of pleiotropic drug
resistance and is further consistent with the existence of a
mechanism of resistance to lipophilic antifolates that is inde
pendent of DHFR and P-glycoprotein overexpression.

Analysis of Cellular Proteins by One- and Two-Dimensional
Gel Electrophoresis. As GTM2 and GTMIO were selectively
resistant to lipid-soluble antifolates in the absence of DHFR or
MDR\ gene overexpression but lost this type of resistance upon
growth under nonselective conditions, we have examined the
one- and two-dimensional electrophoretic profiles of cellular
proteins extracted from parental AA8 cells, antifolate-resistant
GTMIO cells, and drug-sensitive GTMIO cells (i.e., cells that
lost resistance after nonselective growth). One-dimensional
SDS-polyacrylamide gel electrophoresis showed no apparent
differences in the profile of proteins from these cells when

compared to that of parental cells (data not shown). Compari
sons of the two-dimensional electrophoretic profiles (data not
shown) of radiolabeled proteins from parental AA8, antifolate-
resistant GTMIO, and antifolate-sensitive GTMIO cells that
lost resistance following 150 doublings of nonselective growth
showed qualitative and quantitative alterations in proteins.
Most interesting was the presence of a ~40-kDa protein in AA8
and drug-sensitive GTMIO cells that was missing in TMTX-
resistant GTMIO cells. Because this pattern was not observed
in other TMTX-resistant clones, we can only suggest that the
mechanism that involves proteins in addition to 40-kDa protein
might be associated with this phenotype.

DISCUSSION

We undertook this study to determine the pattern and fre
quency of the emergence of resistance mechanisms in multiple
CHO cell clones following single-dose treatment with low con
centrations of TMTX in the presence or absence of prior y-
irradiation. We find that none of the -y-radiation-induced
TMTX-resistant clones showed a change in DHFR or MDR\
gene copy number or mRNA levels. However, few of the spon
taneously induced TMTX-resistant clones showed increased
MDR\ gene copy number and mRNA levels. Despite the invar
iant levels of DHFR and P-glycoprotein mRNA in the majority
of the spontaneously induced TMTX-resistant clones, these
clonal variants shared a common resistance to lipophilic anti
folates (TMTX and PTX) while maintaining sensitivity to MTX
and pleiotropic drugs. Several characteristics distinguish the
phenotype of selective resistance to lipid-soluble antifolates
(exhibited by clones such as GTM2 and GTMIO) from the
MDR phenotype (exhibited by clone T19): (a) there was no
evidence ofMDRl gene amplification or mRNA overexpression
in clones with selective resistance to lipophilic antifolates; (Â¿>)
Western blot analysis failed to detect P-glycoprotein in cells
with the phenotype of selective resistance to lipophilic antifo
lates, while showing a marked P-glycoprotein overexpression
in cells with the MDR phenotype; (c) resistant clones with
selective resistance to lipophilic antifolates maintained wild-
type sensitivity to pleiotropic drugs; (d) resistant clones re
tained comparable levels of cellular daunorubicin upon flow
cytometric analysis, while cells with the MDR phenotype effi
ciently excluded this anthracycline; (e) verapamil reversed the
phenotype of selective resistance to lipophilic antifolates with
10-fold lower concentrations than those required to sensitize
cells bearing the typical MDR phenotype; (/) this phenotype
was unstable upon early stages of growth but appeared to
stabilize following prolonged selective growth, in contrast to
the consistently stable MDR phenotype.

Some potential mechanisms may account for the selective
resistance to TMTX and PTX in mammalian cells. TMTX
appears to enter mammalian cells via a simple and/or facilitated
diffusion process (8, 9). Thus, the mechanism of TMTX resist
ance may involve altered membrane lipid composition and/or
structure that results in a decreased solubility of lipophilic
antifolates in the lipid bilayer. Another mechanism may involve
an altered affinity of P-glycoprotein such that TMTX and PTX
are efficiently and selectively pumped out of cells. Such a
mechanism involves point mutations in the MDR\ gene (34).
However, inconsistent with mechanisms involving structural
alterations in the MDR\ gene product, P-glycoprotein, is the

high degree of instability of the phenotype (upon early stages
of selective growth) reported herein. A third alternative, which
we currently favor, involves a potential defect in the transloca-
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tion of lipophilic antifolates from the lipid bilayer (in which
they readily dissolve) through the hydrophilic cytoplasmic mi
lieu to the target enzyme, DHFR. A variety of abundant lipid
(fatty acid) binding proteins of unknown function (35) exist in
mammalian cells; these may be involved in intracellular trans
port of a variety of lipophilic compounds. Interestingly, we
observe the lack (or marked decrease) of a 40-kDa protein in
resistant GTM10 cells and its reappearance upon loss of resist
ance. However, two-dimensional gel electrophoresis of proteins
from other clones (e.g., GTM2, TM1, and TM7) with selective
resistance to lipophilic antifolates showed that this 40-kDa
protein was present in wild-type levels, thus making it unlikely
that this protein is in consistent association with the phenotype
of selective resistance to lipophilic antifolates in various clones.
Nevertheless, if such a protein plays a role in binding, translo
cation, and/or intracellular delivery of TMTX and PTX to their
target, then decreased expression (or absence) will necessarily
result in reduced drug cytotoxicity and subsequent resistance.
Instability of a drug resistance phenotype has generally been
associated with the loss of amplified genes (30), and the resist
ance phenotype has been associated with overproduction of a
specific protein. Curiously, our two-dimensional gel analysis
shows just the opposite, i.e., loss of relatively abundant protein
in GTM 10 cells with the lipophilic antifolate resistance phe
notype. The following possibilities come to mind to explain
this observation: (a) the 40-kDa protein is irrelevant to the
lipophilic antifolate resistance phenotype; (b) its disappearance
in resistant cells results from high levels of an undetected
protein which reduces gene expression at any one of the various
regulatory levels, e.g., transcription, mRNA stability, mRNA
translation, and protein degradation.

Our results with this phenotype of selective resistance to
TMTX and PTX in CHO clonal variants share certain prop
erties with those obtained by Fry and Besserer (9) for lympho-
blastoid cells (WI-L2) stepwise-selected for TMTX resistance.
In their study the TMTX-resistant cells (62-fold) were equally
cross-resistant to PTX but sensitive to MTX and pleiotropic
drugs, thus being independent of DHFR overexpression or
structural enzyme alterations and distinct from the MDR phe
notype. Our results differ from those of Fry and Besserer (9) in
that low concentrations of verapamil (<0.6 /Â¿M)rendered our
clonal variants sensitive to TMTX while in their study even
high concentrations of verapamil (~10 Â¿<M)failed to reverse the
TMTX-resistant phenotype. Our TMTX-resistant cells showed
no defect in TMTX transport, whereas their cells showed a 2-
fold decrease in the intracellular level of TMTX as the result
of a 2-fold reduction in the inward transport rate of TMTX.
Although an alteration (i.e., reduction) in TMTX transport into
these human lymphoblastoid cells may play some role in TMTX
resistance, it is unlikely that a 2-fold reduction per se in the
inward transport of TMTX is the sole mechanism that would
support a 62-fold resistance to TMTX; alternative mecha
nism^) may exist that underlie this type of TMTX resistance.
Arkin et al. (36) used a human acute lymphoblastic leukemia
cell line (MOLT-3) and found that stepwise selection with
TMTX results in a marked reduction in TMTX accumulation
and acquisition of the MDR phenotype that conferred high
levels of resistance to lipid-soluble antifolates and to pleio-
trophic drugs. In addition, these cells were also modestly cross-
resistant to MTX due to a parallel modest elevation in DHFR
activity. However, while verapamil efficiently reversed the
cross-resistance to pleiotropic drugs (anthracyclines and Vinca
alkaloids), resistance to TMTX was only partially reversed,
suggesting that an additional mechanism(s) may exist in

MOLT-3/TMQ cells that significantly contributes to TMTX
resistance but is independent of MDR\ overexpression and
cannot be explained by the modest DHFR overproduction.
These results further point to the variability and complexity of
modes of resistance to lipophilic antifolates that readily emerge
with different cell lines as well as with different drug selection
protocols.

We have used CHO AA8 cells in a number of studies to
obtain variants resistant to a variety of antifolates, by using
different selection protocols. We are struck by the frequent
appearance of multiple mechanisms of antifolate resistance as
well as by the fact that slight differences in selection protocols
can bias the proportion of resistant variants by a variety of
mechanisms, some of which remain to be elucidated. Thus,
first-step selections with MTX uniformly result in clonal var
iants exhibiting reduced inward transport of MTX (3, 4); sub
sequent stepwise selection produces the DHFR gene amplifica
tion phenomenon, inasmuch as at higher concentrations MTX
can enter cells by non-carrier-mediated processes (e.g., by dif
fusion), and hence, overproduction of DHFR is required for the
acquisition of higher levels of resistance. The lipophilic antifo
late TMTX circumvents modes of resistance involving impaired
transport of MTX. Stepwise selection of AA8 cells with TMTX
in a protocol containing four incremental increases starting at
10 n\i and ending at 120 n\i resulted in 16-fold DHFR gene
amplification (11). Upon further stepwise selection with
TMTX, resistant variants gained no further copies of the DHFR
gene but acquired further resistance as a result of MDR\ gene
amplification (11). Because MDR\ gene amplification occurred
only at high concentrations of TMTX we have proposed that
TMTX may be recognized as a low-affinity substrate by the P-
glycoprotein efflux transporter. Consistent with this suggestion
is our present finding that the majority of clonal variants derived
by single exposure to low TMTX concentrations did not have
evidence of MDR\ gene amplification and/or mRNA over-
expression (11). The drug-resistant variants obtained by such a
graded stepwise selection protocol with low TMTX concentra
tions were simultaneously resistant to both hydrophilic (MTX)
and lipophilic (TMTX and PTX) antifolates thus indicating
that DHFR gene amplification had occurred (11); these cells
showed no indication of the lipophilic antifolate resistance
phenotype described herein, in which cells are sensitive to
MTX. In contrast to the stepwise selection with TMTX, the
mode of selection used herein involved a single-step exposure
to 25 or 50 nM TMTX (4-8 times the LD50). Our analysis with
30 spontaneously derived clones showed that only 10 of 30
were resistant by overexpression of DHFR or MDR\ genes, i.e.,
20 of 30 clonal variants were presumably of the lipophilic
antifolate resistance phenotype. Additionally, following 7-ra-
diation, all 15 clonal variants studied were of the lipophilic
antifolate resistance phenotype. Another example of this com
plexity of the emergence of resistance mechanisms is a CHO
AA8 variant stepwise selected to grow in 0.15 /Â¿MPTX. Upon
initial selective growth (following 40 cell doublings) the mech
anism of resistance was similar to the lipophilic antifolate
resistance phenotype reported herein. However, upon continued
growth in 0.15 MMPTX (for 300 cell doublings), MDR\ gene
amplification and subsequent mRNA overexpression occurred.

We find that clonal variants such as GTM 10 with the phe
notype of selective resistance completely lost resistance during
the early stages of selective growth but became stably resistant
after continued drug-selective growth. This observation sup
ports the notion that the qualitative and quantitative character
istics of a given drug resistance phenotype that initially emerges
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may well change after an additional period of growth under
selective conditions. Additionally, the stabilization of the lipo-
philic antifolate resistant phenotype after continued growth
under selective conditions is consistent with the suggestion that
amplified DNA sequence(s) initially residing on extrachromo-
somal circles may become integrated into the genome, thus
conferring increased stability to the lipophilic antifolate resist
ance phenotype.

Our studies with several antifolates as well as different cell
lines indicate that: (a) multiple mechanisms of drug resistance
to the same class of compounds (e.g.. folie acid antagonists)
can exist in the same cells; (b) high levels of resistance, those
associated with multiple step selections in particular, are often
associated with the coexistence of several mechanisms of re
sistance: (c) the frequencies of emergence of various resistance
mechanisms in a cell population are markedly affected by the
nature of the drug as well as subtle differences in selection
protocols; (d) a different spectrum of resistance mechanisms
can be obtained with the same selection protocol but with
different cells (5). We assume that actual cancer cells will share
some of these properties with the cultured mammalian cells we
have been studying for the past decade.

ACKNOWLEDGMENTS

We wish to thank Dr. John N. Feder for the CHO DHFR genomic
plasmid. Dr. Joseph Roitelman and Dr. Shoshana Bar-Nun for their
advice with Western blotting, and Dr. Steven W. Sherwood and Cath
erine Crumpton for their help with flow cytometry. We also thank
Daphne Rush. Claire Groetsema, and Rosaline Perez for their help
during the course of this work.

REFERENCES

1. Goldman. 1. D., Lichtenstein. N. S., and Oliverio, V. T. Carrier-mediated
transport of the folie acid analogue, methotrexate. in LI210 leukemia cell.
J. Biol. Chem., 243: 5007-5017, 1968.

2. Sirotnak. F. M.. Chello. P. L.. and Brockman. R. W. Potential for exploita
tion of transport systems in anticancer drug design. Methods Cancer Res..
16: 382-447. 1979!

3. Sirotnak. F. M.. Moccio. D. M.. Kelleher. L. E., and GoÃ»tas.L. J. Relative
frequency and kinetic properties of transport-defective phenotypes among
metholrexate resistant 1.1210 donai cell lines derived in rivo. Cancer Res..
41: 4447-4452. 1981.

4. Assaraf. V. G.. and Schimke, R. T. Identification of methotrexate deficiency
in mammalian cells using fluoresceinated methotrexate and flow cytometry.
Proc. Nati. Acad. Sci. USA. 84: 7154-7158. 1987.

5. Sharma, R. C.. and Schimke. R. T. Enhancement of the frequency of
methotrexate resistance by -Â¡-radiationin Chinese hamster ovary and mouse
3T6 cells. Cancer Res.. 49: 3861-3866. 1989.

6. Lin, J. T.. and Benino. J. R. Trimetrexate: a second generation folate
antagonist in clinical trial. J. Clin. Oncol.. 5: 2032-2040. 1987.

7. Duch. D. S.. Edelstein. M. P.. Bowers. S. W.. and Nichel. C. A. Biochemical
and chcmotherapeutic studies on 2,4-diamino-6-(2,5-dimethoxyben7.yl)-5-
methylpyrido[2.3-Ã/]pyrimidine (BW301U), A novel lipid-soluble inhibitor ofdihyd'rofolate reducÃase.Cancer Res.. 42: 3987-3994. 1982.

8. Kamen. B. A.. Eibl. B.. Cashmore. A. R.. and Berlino. J. R. L'ptakc and
efficacy of trimetrexale (TMQ. 2.4-diamino-5-methyl-6-[(3.4,5-triniethoxy-
anilino)melhyl| quinazolinc). a non-classical antifolate in methotrexate-re-
sislanl leukemia cells in vilro. Biochem. Pharmacol.. 33: 1697-1699. 1984.

9. Fry. D. \\ .. and Besserer. J. A. Characterization of trimelrexale transport in
human lyniphublastoid cells and development of impaired influx as a mech
anism of resistance to lipophilic antifolates. Cancer Res., 48: 6986-6991.
1989.

10. Assaraf. Y. G., Molina. A., and Schimke. R. T. Cross-resistance lo Ihe lipid-
soluble antifolate trimetrexate in human carcinoma cells with the multidrug-

resistant phenotype. J. Nail. Cancer Inst., 81: 290-294. 1989.
11. Assaraf, Y. G., Molina, A., and Schimke. R. T. Sequential amplification of

dihydrofolate reducÃaseand multidrug resistance genes in Chinese hamster
ovary cells selected for stepwise resislance to the lipid-soluble antifolate
trimetrexate. J. Biol. Chem.. 264: 18326-18334. 1989.

12. Maniatis, T.. Fritsch. E. F.. and Sambrook. J. Molecular Cloning: A Labo
ratory Manual, pp. 191-193. Cold Spring Harbor Laboratory. Cold Spring
Harbor, NY: 1982.

13. Feinberg. A. P.. and Vogelstein. B. A technique for radiolabeling DNA
restriction endonuclease fragments lo high specific aclivity. Anal. Biochem..
732: 6-13. 1983.

14. Carothers. A. M., Urlaub. G.. Ellis. N., and Chasin. L. A. Slruclure of
dihydrofolate reducÃasegene in Chinese hamster ovary cells. Nucleic Acids
Res.. //: 1997-2012. 1983.

15. Riordan. J. R.. Deuchars. K.. Kartner. N., AlÃ³n,N.. Trent. J.. and Ling. V.
Amplification of P-glycoprotein genes in multidrug-resistant mammalian cell
lines. Nature (Lond.)! 316: 817-819. 1985.

16. Melera P. W., Davide. J. P.. Hcssion. C. A., and Scotto. K. W. Phenotypic
expression in Escherichia coli and sequence of two Chinese hamster lung cell
cDNA encoding different dihydrofolate reducÃase.Mol. Cell. Biol.. 4: 38-
48. 1984.

17. Rothenberg. S. A rapid radioassay for folie acid reducÃaseand amethopterin.
Anal. Biochem., 16: 176-179. 1966.

18. Nakamura. H.. and Littlefield. J. W. Purificalion. properlies, and synlhesis
of dihydrofolate reducÃasefrom wild type and melhotrexatc-resislanl hamster
cells. J. Biol. Chem.. 247: 179-187. Ã•972.

19. Cheng. V. C.. and Prusoff. VV. H. Relationship between the inhibitionconstant (A'Â¡)and the concentration of inhibitor which causes 50 percent
nini 'iinMI(/50) of an enzymatic reaction. Biochem. Pharmacol.. 22: 3099-

3108. 1973.
20. Lineweaver. H.. and lim k D. J. The delerminalion of enzyme dissociation

constants. J. Am. Chem. Soc.. 56: 658-666. 1934.
21. Sherwood, S. W., and Schimke. R. T. Flow cytometric analysis of gene

amplification in cultured mammalian cells. In: A. Yeh (ed.). Flow Cytometry:
Advanced Applications, pp. 85-98. Boca Raton. FL: CRC. 1989.

22. Sherwood. S. \\.. Assaraf. Y. G., Molina. A. M.. and Schimke. R. T. Flow
cytometric characterization of antifolale resistance in cultured mammalian
cells using fluoresceinated melholrexale and daunorubicin. Cancer Res.. 50:
4946-4950. 1990.

23. Riordan. J. R., and Ling, V. Purificalion of P-glycoprotein from plasma
membrane vesicles of Chinese hamster ovary cell mutants with reduced
colchicine permeability. J. Biol. Chem., 254: 12701-12705. 1979.

24. Laemmli. U. K. Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature (Lond.), 227: 680-685. 1970.

25. Towbin. H.. Staehelin. T., and Gordon. J. Electrophorelic Iransfer of proleins
from polyacrylamide gels lo nitrocellulose sheets: procedure and some applications. Proc'. Nati. Acad. Sci. USA, 76: 4350-4354, 1979.

26. Kartner. N., Everden-Porclle. D.. Bradely. G., and Ling. V. Deteclion of P-
glycoprotein in multidrug-resistant cell lines by monoclonal antibodies. Na
ture (Lond.). 316: 820-823. 1985.

27. O'Farrell. P. Z.. Goodman. H. M.. and O'Farrell. P. H. High resolution two-

dimensional electrophoresis of basic as well as acidic proleins. Cell. 12:
1133-1142. 1977.

28. Jones, P. Analysis of radiolabeled lymphocyte proleins by one and two-
dimensional poiyacrylamide gel electrophoresis. In: B. B. Mishell and S. M.
Shiigi (eds.). Selected Methods in Cellular Immunology, pp. 398-440. San
Francisco: \V. H. Freeman and Co., 1980.

29. Thompson, L. H.. Brookman. K. W.. Dillehay. L. E.. Currano, A. V.,
Mazrimas. J. A., Mooney, C. L., and Minkler. J. L. A CHO-cell strain
having hypersensitivity to mutagens. a defective DNA strand-break repair,
and an extraordinary baseline frequency of sister chromatid exchange. MutÃ¢t.
Res.. 95:427-440. 1982.

30. Schimke. R. T. Gene amplification in culiured animals cells. Cell. 37: 705-
713. 1984.

31. Myers. C., Cowan, K.. Sinha. B., and Chabner. B. The phenomenon of
pleiotropic drug resistance, in: V. T. Devita et al. (cds.). Important Advances
in Oncology, pp. 27-38. Philadelphia: Lippincott. 1987.

32. Safa. A. R. Photoaffiniiy labeling of Ihe multidrug-resistanl-relaled P-gly
coprotein with photoactive analogs of verapamil. Proc. Nati. Acad. Sci. USA.
Â«5:7187-7191. 1988.

33. Gottesman, M. M., and Pastan. 1. The multidrug transporter, a double-edged
sword. J. Biol. Chem.. 263: 12163-12166. 1988.

34. Choi, K.. Chen. C-J.. Kriegler. M., and Roninson. I. B. An altered pattern of
cross-resistance in multidrug-resistant human cells results from spontaneous
mutations in the mrfrl (P-glycoprotcin) gene. Cell. 5.?: 519-529. 1988.

35. Sweetser. D. A.. Heuckeroth. R. O.. and Gordon, J. I. The metabolic
significance of mammalian fatty-acid-binding proteins: abundant proteins in
search of a function. Annu. Rev. Nutr.. 7: 337-440. 1987.

36. Arkin. H.. Ohnuma, T.. Kamen. B. A.. Holland. J. F.. and Vallabhajosula.
S. Multidrug resistance in a human leukemic cell line selected for resistance
to trimetrexate. Cancer Res.. 49: 6556-6561. 1989.

2959

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/11/2949/2443532/cr0510112949.pdf by guest on 19 M

ay 2023


